Epifluorescence microscopy has numerous applications in molluscan research. Methods rely on distinguishing target fluorescent signals from natural fluorescence, termed autofluorescence, of a specimen. Limited research has been conducted on the autofluorescence of marine bivalves, which hinders development of epifluorescence microscopy techniques in this sector. We examined autofluorescence in larvae of the giant clam Tridacna noae to identify challenges and opportunities in applying epifluorescence microscopy to the study of giant clams. Under blue-light excitation (λ ex = 460-490 nm) three sources of autofluorescence were identified in larvae of T. noae: (1) green autofluorescence of the gut region; (2) green autofluorescence of the 'dark bodies' anatomical structure; and (3) red autofluorescence of ingested zooxanthellae, Symbiodinium species. Each of these sources of autofluorescence varied in prevalence and relative intensity over the course of larval development. The multiple sources and varied wavelengths of the observed autofluorescence presents challenges for applying fluorescent labelling techniques. However, our study identifies epifluorescence microscopy as a novel means of examining larval ontogeny and the uptake of zooxanthellae in giant clams.
INTRODUCTION
Epifluorescence microscopy is used in virtually all fields of the life sciences (Webb & Brown, 2013) . The technique relies on illumination with light over a specific wavelength band, which is absorbed by fluorophores and emitted at longer wavelengths (Wolf, 2007) . Spectral filters allow separation of the excitation wavelengths used to illuminate a specimen from those emitted by the specimen's fluorophores (Wolf, 2007; Webb & Brown, 2013) . Fluorophores can be artificially introduced to a specimen using a variety of fluorescent labelling techniques or they may be present naturally.
In the field of molluscan research, techniques involving fluorescent labelling have led to advances in understanding protein expression (Weiss et al., 2006; Boo et al., 2017) , neuronal circuits (Croll, Jackson & Voronezhskaya, 1997) , microplastic ingestion (Cole et al., 2013; Cole & Galloway, 2015) , zooplankton identification (Henzler, Hoaglund & Gaines, 2010; Heaney, Maloy & Slater, 2011) and gene transfer (Buchanan et al., 2001) . Since most fluorescent labelling applications rely on the ability to distinguish and detect the fluorescent labels, it is necessary to resolve labels from the natural fluorescence, termed autofluorescence, of the sample. Autofluorescence can interfere with detection and quantification of fluorescent label intensity when using epifluorescence microscopy (Tang & Dobbs, 2007; Heaney et al., 2011; Sandenbergh & Roodt-Wilding, 2012 ). The autofluorescence caused by endogenous fluorophores such as chlorophyll, phycoerythrin, lipofuscin, nicotinamide adenine dinucleotide (NADH), riboflavins and flavin coenzymes is particularly problematic in developing fluorescent labelling techniques (Mosiman et al., 1997; Schnell, Staines & Wessendorf, 1999; Hosoi-Tanabe & Soko, 2006; Pradillon et al., 2007) . Examining the autofluorescence of larval molluscs and their tissues is fundamental to identifying appropriate techniques to reduce autofluorescence and to select the most appropriate label colour for fluorescent labelling studies (Heaney et al., 2011; Sandenbergh & Roodt-Wilding, 2012) .
In addition to fluorescent labelling, the autofluorescence of chlorophyll and chlorophyll derivatives has been utilized to evaluate the capacity for larval molluscs to ingest and digest various microalgal species in both ecological (Robert & His, 1988; Raby et al. 1997 ) and aquacultural (Babinchak & Ukeles, 1979; Lucas & Rangel, 1983; Rangel-Davalos, 1983; Le Pennec & RangelDavalos, 1985; Aldana-Aranda et al., 1991 , 1994 Lora-Vilchis & Maeda-Martinez, 1997; Martínez-Fernández, Acosta-Salmón & Rangel-Davalos, 2004; Patiño-Suárez, Aldana-Aranda & Zamora, 2004) contexts. Epifluorescence microscopy applied for this purpose takes advantage of the transparency of larval mollusc shells, which allows clear determination of the position of microalgal cells within larvae, and the close relationship between the stages of microalgae digestion and spectra of fluorescence (Rangel-Davalos, 1983 ). There may be similar application of epifluorescence microscopy to assess the uptake and subsequent proliferation of Symbiodinium dinoflagellates, commonly known as zooxanthellae, by the larvae of molluscs that establish symbiosis with these microalgae, such as the giant clams (Cardiidae: Tridacninae). The timing of zooxanthellal uptake and the mechanism by which they proliferate have importance from both ecological and aquacultural standpoints, but are poorly known.
Autofluorescence of larval molluscs could impede quantitative assessments of the ingestion and utilization of microalgae and zooxanthellae, in the same way in which the examination of fluorescent labels is affected.
There is limited knowledge regarding autofluorescence in marine planktonic organisms in general (Koken & Grall, 2011 ) and a near absence of studies on autofluorescence in marine bivalve larvae (Heaney et al., 2011) . The recent extension of epifluorescence microscopy to examine fluorescently labelled proteins (Boo et al., 2017) and ingestion of microalgae by veliger larvae of giant clams indicates value in assessing autofluorescence of these taxa. Here we identify ontogenetic changes in autofluorescence of the giant clam Tridacna noae (Röding, 1798) during embryonic and larval development. Our observations are discussed in relation to the challenges and opportunities presented by autofluorescence for the examination of giant clams using epifluorescence microscopy.
MATERIAL AND METHODS

Broodstock and larvae
Adult giant clams (n = 13) with a mean (±SE) shell length of 17.7 ± 0.9 cm (range 13-25 cm) were sourced from fringing reefs around the islands of the Kavieng lagoonal system (2°36′S, 150°46′E) of New Ireland Province in Papua New Guinea between August and September 2016. Clams were held in insulated containers of sea water and transported (<10 km) by boat to the National Fisheries Authority (NFA) Nago Island Mariculture and Research Facility (NIMRF), where they were held in raceways supplied with a continuous flow of unfiltered seawater (temperature 28°C; salinity 34 g l −1
) for a week prior to spawning. Clams were induced to spawn eggs and/or release sperm by injecting 1.0 ml of a 2 mM solution of serotonin (5-hydroxytryptomine creatinine sulphate complex) into the gonad by needle insertion through the mantle (Braley, 1985; Crawford, Nash & Lucas, 1986) . Gametes from individual clams were collected separately to avoid self-fertilization and eggs from individual clams were fertilized within 10 min of spawning. A fertilization rate of 87.0 ± 2.5% was determined as described by Southgate, Braley & Militz (2016) . Eggs were stocked into a 6,000-l rectangular concrete culture vessel filled with 1-μm filtered seawater (temperature 28°C; salinity 34 g l
) at a density of 2.25 eggs ml −1 . The culture vessel was supplied with continuous, gentle aeration. Transparent polycarbonate roofing and 50% light-transmittance shadecloth were used to reduce light intensity over culture vessels. Larvae were reared without water exchange until settlement of veligers (5 d postfertilization) when a continuous flow of 1-μm filtered sea water provided raceways with 100% water exchange per day. No antibiotics or food were added to tanks. This 'extensive' method of larval rearing is commonly practised in commercial giant-clam culture (Braley, 1992; Ellis, 1997) and is successful in culturing T. noae Braley, Militz & Southgate, 2018) .
Developing giant-clam larvae acquire their complement of zooxanthellae (Symbiodinium species) via horizontal transmission (Fitt & Trench, 1981; Fitt, Fisher & Trench, 1984; Hirose, Iwai & Muruyama, 2006) and this is replicated in the culture environment by introducing viable zooxanthellae to culture vessels. Nonmotile, coccoid-form zooxanthellae were obtained by sacrificing an adult clam and removing the mantle tissue. The mantle tissue was finely cut and zooxanthellae were washed out into a container using 1-μm filtered seawater (Braley, 1992) . The resulting suspension was filtered through a 60-μm sieve and a Neubauer haemocytometer was used to determine zooxanthellal density in the resulting filtrate. Zooxanthellae were then dispensed into the larval culture vessel on 4, 9 and 12 d postfertilization to achieve cell densities of 50 cells ml -1 . Zooxanthellae attained motility within 24 h of introduction to the culture vessel.
Epifluorescence microscopy
Embryos and larvae were removed from the main larval culture tanks and examined using an epifluorescence microscope (AmScope FM690TC-PL) with a HBO mercury-vapour arc (Osram HBO100W/2) light source. A blue-light excitation filter (λ ex 460-490 nm) was used in combination with a long-pass emission filter (λ em > 520 nm). This filter arrangement allowed observation of all fluorescent emissions from the larvae with a wavelength exceeding 520 nm (green light). The same, or similar, filter arrangements have commonly been used in molluscan nutrition studies that rely on autofluorescence of microalgae (AldanaAranda et al., 1991 (AldanaAranda et al., , 1994 Raby et al., 1997; Patiño-Suárez et al., 2004; Southgate et al., 2017) and in studies where a single fluorophore label has been used (Buchanan et al., 2001) .
Embryos and larvae were examined live. No fixatives were used in the examination of larvae as fixation treatments may artificially enhance autofluorescence (Del Castillo, Llorente & Stockert, 1989; Viegas et al., 2007; Heaney et al., 2011) . Gently tapping the microscope stage provided sufficient disturbance to immobilize larvae for the purpose of observation and image capture. To determine the prevalence of distinct autofluorescent features over the course of larval development, 50 larvae were qualitatively assessed for autofluorescence at each sampling period. Embryos were examined at the gastrula stage (9 h postfertilization) and larvae were first examined at the trochophore stage (16 h postfertilization). Further samples were taken at 24 h postfertilization and then every 24 h thereafter until completion of metamorphosis was observed in half of the larval population; metamorphosis was indicated by the presence of ctenidia and statocyst (Jameson, 1976) . On days when zooxanthellal inoculation was scheduled, sampling was done immediately before inoculation.
Where autofluorescence was observed, the fluorescing anatomical feature was identified by cross-referencing bright-field microscopy observations of the larvae. Representative larvae with autofluorescence were photographed using the digital-imaging software ToupView v. 3.7.2270 at ×100 magnification, using an exposure target setting of 120 and an exposure time of 350 ms.
RESULTS
Gastrulae, trochophore and D-stage veligers (24 h postfertilization) did not autofluoresce under blue-light excitation (Figs 1, 2A, B) . Beginning at 2 d postfertilization, 50% of veliger larvae exhibited distinct green autofluorescence (~520-560 nm), which lacked structural definition, in the gut region (Fig. 2C, D) . The incidence of green autofluorescence in the gut region peaked at 3 d postfertilization, when it was observed in 100% of larvae. As veligers developed further, the proportion of larvae with green autofluorescence in the gut region decreased to 8% at 9 d, and to zero at 10 d and beyond. At any given point in time, the intensity of observed green autofluorescence in the gut region varied greatly between individual larvae (Supplementary Material Fig. S1 ).
Discrete points of intense green autofluorescence (~520-560 nm) also developed in the posterior portion of larval tissues above the shell hinge, and were first observed at 3 d postfertilization (Fig. 1) . By 5 d postfertilization, these green autofluorescent bodies were present in 98% of larvae (Figs 1, 2E , F) and were consistently observed in 92-98% of the larval population at all subsequent sampling periods. The autofluorescent bodies increased in size and intensity as larvae developed (Fig. 2G , H) and were typically found in paired groups of three or four, reflected across the hinge axis ( Supplementary Material Fig. S2 ). Examining larvae using bright field microscopy, without blue-light excitation, failed to distinguish these bodies clearly from other tissues (Fig. 2E , G) until 8 d postfertilization, when bright-field microscopy observations confirmed that the autofluorescent bodies were most likely the same as the 'dark bodies' identified by Fitt & Trench (1981) (Fig. 2H, I ), which are an anatomical feature of giant clams (see also Fitt et al., 1984) .
Use of blue-light excitation resulted in the red autofluorescence (635-700 nm) of zooxanthellae, which were highly visible even when obscured by tissues of the larvae using bright-field microscopy (Fig. 3) . Within 24 h postinoculation, 14% of 5-d postfertilization veligers were observed with zooxanthellae in the gut (Fig. 1) . However, this initial acquisition of zooxanthellae was not maintained and only 2% of veligers were observed with zooxanthellae in the gut at 6 and 7 d postfertilization (Fig. 1) . Following a second introduction of zooxanthellae at 9 d postfertilization, only 4% of larvae were observed with zooxanthellae in the gut the following day (Fig. 1) ; however, 22% of larvae had zooxanthellae in the gut by 11 d postfertilization. The capacity for larvae to uptake zooxanthellae differed between individuals, with some showing a relatively high concentration of zooxanthellae in the gut and relatively intense red autofluorescence as a consequence (Fig. 3B, H) . Zooxanthellae were first observed entering the developing zooxanthellal tubules (Norton et al., 1992; Hirose et al., 2006) of larvae (28%) at 12 d postfertilization with a further 24% of larvae observed with zooxanthellae in the gut (Fig. 3E-H) . Following metamorphosis, juvenile Tridacna noae were observed with red autofluorescence throughout their tissues, as a consequence of zooxanthellae residing within the developing zooxanthellal tubular system (Supplementary Material Fig. S3 ).
DISCUSSION
Green autofluorescence was detected in larval Tridacna noae, as has commonly been reported for the larvae of other bivalves (Babinchak & Ukeles, 1979; Henzler et al., 2010; Heaney et al., 2011) ; but was found to originate from two separate anatomical features. Furthermore, the uptake of zooxanthellae by larval T. noae resulted in observation of red autofluorescence within the larvae, generated by zooxanthellae. These autofluorescent features varied in prevalence and relative intensity of autofluorescence over the course of larval development and pose both challenges and opportunities for further extension of epifluorescent techniques to the field of giant-clam research.
Challenges for use of epifluorescence microscopy
Green-fluorescent labelling has been adopted for a variety of applications in molluscan research (see Introduction). In applying green-fluorescent labels, it is critical to have a well defined demarcation between the introduced label and the autofluorescence of the sample. The green autofluorescence of both the gut region and the 'dark bodies' of larval T. noae were generally bright enough to visualize with epifluorescence microscopy. These autofluorescence signals were not stable over time, but together resulted in a high prevalence of green autofluorescence in larvae from 2 d postfertilization to beyond metamorphosis. Further, differences in autofluorescence intensity were clearly visible among individual larva at any given point in development. Green autofluorescence could confound studies employing the use of greenfluorescent labels, especially where labelled larvae are observed and evaluated qualitatively (Pradillon et al., 2007; Henzler et al., 2010) . Even quantitative methods for detecting green-fluorescent labels can be impeded by green autofluorescence, as demonstrated for other larval molluscs (Heaney et al., 2011; Sandenbergh & Roodt-Wilding, 2012 ) and marine plankton (Tang & Dobbs, 2007) . Thus, the application of autofluorescence-reduction treatments developed for bivalve molluscs (Heaney et al., 2011) may prove necessary when designing fluorescent-labelling studies with larval giant clams.
Qualitative detection of red autofluorescence associated with chlorophyll and chlorophyll derivatives has been used to assay feeding on microalgae by larval molluscs (Babinchak & Ukeles, 1979; Lucas & Rangel, 1983; Rangel-Davalos, 1983; Le Pennec & Rangel-Davalos, 1985; Robert & His, 1988; Aldana-Aranda et al., 1991 , 1994 Lora-Vilchis & Maeda-Martinez, 1997; Raby et al., 1997; Martínez-Fernández et al., 2004; Patiño-Suárez et al., 2004; Southgate et al., 2017) . The red autofluorescence of microalgae has been sufficient to distinguish ingestion and digestion (RangelDavalos, 1983 ) from the green autofluorescence in the gut region of larval T. noae , Crassostrea virginica (Babinchak & Ukeles, 1979) and presumably the other bivalve species to which this technique has been applied (Lucas & Rangel, 1983; Rangel-Davalos, 1983; Le Pennec & Rangel-Davalos, 1985; Robert & His, 1988; Raby et al., 1997; Martínez-Fernández et al., 2004) . In contrast to other species, however, the fluorescent examination of microalgae ingestion and digestion in larval giant clams is constrained by the uptake of zooxanthellae. The presence of red autofluorescence from zooxanthellae in the gut would hinder evaluation of ingestion and digestion of other microalgae, Figure 1 . Prevalence of observed autofluorescence in a population of Tridacna noae during larval development. Asterisks denotes days when culture vessels were inoculated with zooxanthellae. Abbreviations: AGR, green autofluorescence in gut region; AB, green autofluorescent bodies; Z, red autofluorescence of zooxanthellae.
particularly given the capacity for zooxanthellae to degenerate in the gut also (Fitt & Trench, 1981; Trench, Wethey & Porter, 1981) . While reduction of autofluorescence of zooxanthellae can be achieved by extracting the causative agent (i.e. chlorophyll) using organic solvents (Hosoi-Tanabe & Sako, 2006) , such methods are lethal to host larvae and, if applied following experimental treatment, these methods would also reduce autofluorescence of the targeted microalgal cells. Feeding trials to assess relative ingestion and digestion of microalgae by giant clams using epifluorescence microscopy are therefore limited to development periods prior to zooxanthellal acquisition (e.g. Southgate et al., 2017) . Our results suggest that epifluorescence microscopy can be employed to assay microalgae feeding in T. noae until 11 d postfertilization, when the proportion of zooxanthellate larvae increases dramatically.
Opportunities for use of epifluorescence microscopy
Epifluorescence microscopy and examination of autofluorescence offers opportunities to visualize plankton more easily (Tang & Dobbs, 2007; Koken & Grall, 2011) , to identify taxon-specific fluorescent signals (Koken & Grall, 2011) and to identify sources for the isolation of new fluorophores, which may lead to development of new fluorescent labels (Tsien, 2003) . Our examination of larval T. noae showed that the anatomical 'dark bodies' of Fitt & Trench (1981) and Fitt et al. (1984) contain green fluorophores. Autofluorescence of these 'dark bodies' has not previously been reported for giant clams, because past studies employing epifluorescence microscopy have only observed larvae during the first three days of development or tissue samples of adult animals (Boo et al., 2017) . Autofluorescence also enabled detection of the 'dark bodies' far earlier in development than did bright field microscopy. From 5 d postfertilization the presence of autofluorescent 'dark bodies' was nearly ubiquitous in larval T. noae. The autofluorescence of 'dark bodies' is not speciesspecific and is observed in the larvae of other giant clams (Hippopus hippopus, T. maxima and T. squamosa) (R.D. Braley, personal observation) . However, examination of larval autofluorescence in other bivalve taxa has not revealed this anatomical feature (Babinchak & Ukeles, 1979; Henzler et al., 2010; Heaney et al., 2011) . The 'dark bodies' may represent a valid identification marker of Tridacninae, but the lack of comparative studies on bivalve autofluorescence (Heaney et al., 2011) limits confidence in this assertion. Further research is needed to confirm the taxonomic value of 'dark bodies' and to identify the fluorophores emitting the green autofluorescence.
Autofluorescence of zooxanthellae offers a novel approach to studying the host-symbiont relationship in larval giant clams and has advantages compared with previously-used methods such as serial sectioning and staining (Mansour, 1946a, b; Norton et al., 1992; Hirose et al., 2006) and electron microscopy (Fitt & Trench, 1981; Farmer, Fitt & Trench, 2001; Hirose et al., 2006) . While allowing clear identification of zooxanthellae and tertiary zooxanthellal tubes, live specimens cannot be examined using such techniques (Norton et al., 1992) . Bright-field microscopy has primarily been used to examine live giant clam larvae (Fitt & Trench, 1981; Fitt et al., 1984 Fitt et al., , 1986 Farmer et al., 2001) , but the resolution is restricted by visible light passing through the specimen and this is complicated by the calcified valves of developing tridacnines. Our results show that zooxanthellae within larval Pediveliger at 8 d postfertilization with green autofluorescence in gut region and green autofluorescent bodies, which can now be identified using bright-field microscopy as the 'dark bodies' anatomical feature. Autofluorescence identified in images: ab, autofluorescent bodies; agr, autofluorescence of gut region; db, 'dark bodies'. Scale bars: 100 μm. Photographs: R.D. Braley and T.A. Militz. giant clams were highly visible and readily identified using epifluorescence microscopy, even beyond metamorphosis. Epifluorescence microscopy therefore provides a very useful technique for broader fundamental research into the mechanisms governing the establishment and maintenance of symbiosis in giant clams. For example, epifluorescence microscopy has recently been employed to assess bleaching (Shapiro et al., 2016; Biquand et al., 2017) , to determine host selectivity for symbiont cell size (Biquand et al., 2017) and to determine if host autofluorescence is associated with symbiont uptake (Quigley, Strader & Matz, 2018) among cnidarians. There is scope to extend epifluorescence microscopy to pursue similar investigations with giant clams.
SUPPLEMENTARY MATERIAL
Supplementary material is available at Journal of Molluscan Studies online. Figure 3 . Red autofluorescence in larvae of Tridacna noae was attributed to zooxanthellae. Individual larvae are presented using both bright-field microscopy (A, C, E, G) and under blue-light (λ ex 460-490 nm) excitation (B, D, F, H). A, B. Pediveliger at 9 d postfertilization with red autofluorescence in gut cavity due to accumulated zooxanthellae; a single zooxanthella can be seen entering/leaving gut cavity. C, D. Pediveliger at 12 d postfertilization with red autofluorescence in gut and adjacent sinus, posterior to green autofluorescent bodies. E, F. Pediveliger at 12 d postfertilization with red autofluorescence extending from gut, passing through green autofluorescent bodies anteriorly. G, H. Pediveliger at 12 d postfertilization with red autofluorescence in gut cavity and along a posterioranterior projection, a developing zooxanthellal tubule passing through green autofluorescent bodies. Autofluorescence identified in images: ab, autofluorescent bodies; z, zooxanthellae; dt, developing zooxanthellal tubule; sz, single zooxanthella entering/leaving gut cavity. Scale bars: 200 μm. Photographs: R.D. Braley and T.A. Militz. 
